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equal degrees of technological
sophistication, and similar
educational levels. Nevertheless,
the findings mirror those with
traditional cultures [7–9] and
confirm that superior
discrimination of stimuli that cross
a category boundary — such as
that found for English speakers at
the boundary between blue and
green — is not sufficient evidence
for a set of universal color
categories, hard-wired in the
human visual system. These
studies provide a clear
demonstration that categorical
perception of colors is constrained
by culture and language.
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R607Retinal Circuits: Tracing New
Connections
The retina detects light so that our body clock runs in time with the rising
and setting of the sun. A recently identified class of photoreceptive
neuron in the retina underlies this function and a new study has used
viruses to unravel its connections.Benjamin Odermatt
and Leon Lagnado
The function of the eye that we are
most aware of is vision. To see the
world around us, an image is
formed on the retina, and this is
sampled ‘pixel-by-pixel’ by
a planar array of photoreceptors
[1,2]. But the retina carries out
a second key function — telling our
body clock the time so that our
physiology and behaviour is
adjusted in synchrony with the
daily rhythm of light and dark [3].
Many types of cell have intrinsic
rhythms, but the body as a whole is
synchronized by a master clock in
the hypothalamus of the brain,
where a group of a few thousand
neurons form the suprachiasmatic
nucleus (SCN). The SCN controls
functions as diverse as hormonerelease, body temperature and
appetite. We know that information
about the amount of light in the
environment reaches the SCN from
the retina, because these two parts
of the brain are directly connected
and removing the eyes completely
blocks entrainment of the body
clock to the light–dark cycle [4,5].
Detecting dawn and dusk
does not require formation of an
image — it is the average
brightness of the environment that
is the important quantity. But which
type of photoreceptor conveys this
information? Rods and cones are
the photoreceptors that underly
vision, and are beautifully designed
to convert light into an electrical
signal [6]. The visual pigment that
absorbs light is based on the
opsin protein; the change in
conformation of this protein whena photon is absorbed triggers an
enzymatic cascade that generates
an electrical signal for transmission
to postsynaptic bipolar cells and
horizontal cells. The visual signal is
transformed as it passes through
the retina, and the results are
relayed to the brain by ganglion
cells sending axons through the
optic nerve [2]. A small number of
these ganglion cells send signals to
neurons in the SCN, and it was
generally assumed that these
transmit information about light
and dark sensed by rods and
cones. This idea has been
spectacularly revised by
experiments using a mouse
completely lacking functional rods
and cones; the mouse was still
perfectly capable of adjusting its
body clock to changes in the light–
dark cycle, although this ability was
lost when the eyes were removed
[7,8]. The obvious conclusion was
that the retina contains some other
type of light-sensitive neuron that
controls circadian entrainment.
This mysterious new
photoreceptor has now been
identified as a special class of
intrinsically photosensitive retinal
ganglion cell (ipRGC), which
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Figure 1. Using a virus to investigate the connections of ipRGCs in the mouse.
An outstanding property of the pseudorabies virus PRV152 is that it spreads from the
retina to retinorecipient neurons through the optic nerve. Injection of PRV152 into the
anterior chamber of the eye results in retrograde spread of infection to first-order neu-
rons in the ciliary ganglion. This then leads to transport through the oculomotor nerve
to second-order neurons in the Edinger-Westphal nucleus (EWN). From there infection
of neurons spreads into the olivary pretectal nucleus (OPN), the intergeniculate nucleus
(IGL) and the suprachiasmatic nucleus (SCN). All three nuclei are known targets for
melanopsin-expressing intrinsically photosensitive ipRGCs, which also become in-
fected by the virus again via retrograde axonal transport, for example through the
retino-hypothalamic tract (RHT). Using the virus to drive expression of green fluores-
cent protein (GFP) allows the connections between these different areas to be visual-
ized by two-photon microscopy. Viney et al. [16] dissected out the retina to investigate
the local connections of ipRGCs to subtypes of amacrine (AC) and bipolar cells (BC).absorb light using a recently
discovered pigment called
melanopsin [9,10]. A great deal of
effort is now being invested in
understanding the chain of events
that link activation ofmelanopsin to
depolarization of the cell
membrane [11]. The other key
question is how ipRGCs connect to
other neurons within the retina.
Only 1–2% of ganglion cells are
intrinsically light-sensitive, but how
do these interact with the retinal
circuitry that responds to an image
on the array of rods and cones?We
know that there is an interaction,
because knocking out expression
of melanopsin only partially blocks
the responses of ipRGCs to light[9]: complete inhibition is not
achieved until rod and cone
responses are also abolished.
An established method for
tracing neural connections is to
inject an enzyme or dye into a small
area of the brain from which it is
taken up by nerve terminals and
then transported along axons [12].
The difficulty is that only a few of
these tracers can cross synapses
and all of them dilute rapidly, which
makes it difficult to follow
multisynaptic circuits. Recent
interest has turned to the use of
viruses driving expression of
fluorescent proteins, such as the
pseudorabies virus, because these
specifically cross synapses andreplicate rapidly to maintain bright
signals [13]. The Bartha strain of
pseudorabies virus is particularly
interesting because it spreads only
retrogradely, from postsynaptic to
presynaptic neurons. It is now even
possible to design virus mutants
that only replicate in a selected
subtypes of neuron [14]. For
instance, when Bartha strain
pseudorabies virus driving
expression of enhanced green
fluorescent protein (EGFP) is
injected into the right eye of
amouse, a small subset of ganglion
cells in the left eye become
labelled, and these are all
melanopsin-containing ipRGCs
(Figure 1). The pathway that leads
the virus to ipRGCs in the other eye
is the one underlying the pupillary
reflex through the ciliary ganglion
[15]. As recently reported in
Current Biology, Viney et al. [16]
have now taken advantage of this
ability to put a viral tracer
specifically into ipRGCs to
investigate their connectionswithin
the retina.
All retinal ganglion cells receive
synaptic inputs into dendrites
extending in the inner plexiform
layer of the retina, and these come
from two classes of neuron; bipolar
cells, the key interneuron
transmitting information radially
from rod and cone photoreceptors,
and amacrine cells, a diverse
population of interneurons
extending laterally [1,2]. Like other
interneurons in the central nervous
system, most amacrine cells are
inhibitory, releasing the
neurotransmitters g-amino butyric
acid (GABA) or glycine. A key
feature of the inner plexiform layer
is its organization into layers
containing bipolar cells and
amacrine cells responding to light
with different kinetics and/or
polarity (ON, OFF, transient,
sustained). Viney et al. [16] found
that ipRGCs could be divided into
three classes according to the
layer of the inner plexiform layer
in which their dendrites extended:
type 1, close to the inner nuclear
layer; type 2, close to the
ganglion cell layer, or type 3,
extending in both bands.
Surprisingly, labelled bipolar cells
were rarely observed: transmission
of virus from ipRGCs was mostly
to amacrine cells.
Pleistocene Extinctions: Haunting
the Survivors
For many years, the megafaunal extinctions at the end of the Pleistocene
have been assumed to have affected only those species that became
extinct. However, recent analyses show that the surviving species may
also have experienced losses in terms of genetic and ecological
diversity.
Michael Hofreiter
Between 50,000 and 10,000 years
ago, most genera of megafauna
(animals exceeding 44 kg) went
extinct, including such spectacular
animals as mammoths, giant
ground sloths or sabre-toothed
cats. This Pleistocene extinction
has been puzzling researchers
for a long time [1]. Several
explanations have been proposed,
such as climate change as well
as direct and indirect human
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R609Type 2 ipRGC connections occur
in the layer of the inner plexiform
layer where excitatory responses
to light ON are generated. By
having these ipRGCs fluorescently
labelled, it was possible to record
their electrical responses.
Inhibitory synaptic currents were
observed at light ON but not at light
OFF, confirming a connection from
amacrine cells driven byON bipolar
cells. The ipRGCs are therefore
quite different to most other
ganglion cells that receive inputs
from amacrine cells responding at
both light ON and OFF.
The type 1 ipRGCs receive
synaptic inputs from a very rare
and unusual type of amacrine
cell— the interplexiform cell. These
connect the synaptic (or plexiform)
layers in the inner and outer retina,
and release dopamine. This is an
intriguing observation because
dopamine is a neurotransmitter
that controls slow changes in
the function of the retina
accompanying adaptation to light
[17]; one of dopamine’s many
effects is to regulate the levels of
melanopsin in ipRGCs. Mice
lacking a dopamine receptor are
also deficient in the ‘‘masking
response’’, a sudden decrease in
locomotion in response to bright
light occurring through the
circadian rhythm set by the SCN
[18]. Melanopsin-containining
ganglion cells therefore provide
a link between the neural circuitry
controlling light and dark
adaptation within the retina,
and the circuitry of the SCN
that controls brain and body
function according to the circadian
rhythm.
The nervous system is made up
of an enormous variety of neurons
with different structures,
connections and response
properties. The combination of
viral tracing methods,
immunohistochemistry and
electrophysiology used by Viney
et al. [16] has provided important
insights into the functional
connections of two of the most
specialized and rare neurons in the
retina involved in setting the body
clock. Viruses can be injected
accurately in various regions of the
mammalian brain so this approach
holds great promise for studying
the precise structure, connectivityand function of neurons in a variety
of different networks [19].
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